Abstract The "developmental origins of health and disease" (DOHaD) hypothesis proposes that environmental conditions during fetal and early post-natal development influence lifelong health and capacity through permanent effects on growth, structure and metabolism. This has been called 'programming'. The hypothesis is supported by epidemiological evidence in humans linking newborn size, and infant growth and nutrition, to adult health outcomes, and by experiments in animals showing that maternal under-and over-nutrition and other interventions (e.g., glucocorticoid exposure) during pregnancy lead to abnormal metabolism and body composition in the adult offspring.
Introduction -The Global Rise of Chronic Noncommunicable Disease
The 20 th century witnessed large changes in the patterns of disease and mortality across the world, with reductions in infectious disease mortality, and a rise in chronic noncommunicable cardio-metabolic diseases such as cardiovascular disease (CVD) and type 2 diabetes [1] . This transition started in the most affluent nations, but is now well under way in low and middle income countries (LMICs) like India [2] . The number of cases of diabetes in the Indian sub-continent is predicted to rise by over 70 %, from around 46 million in 2007 to 80 million in 2025 [3] . Cardiovascular disease mortality has reached a plateau in high income countries, and is falling in many, but is still rising in LMICs and is now the commonest cause of death among Indian adults [2] . Although diabetes is increasing everywhere, the rate of rise is fastest in LMICs [3] , and due to an earlier onset of disease and complications, and the high cost of treatment, this presents a serious threat to economic growth. Why should this be of concern to pediatricians?
The Connection with Factors Acting in Early Life
It is well-known that CVD and type 2 diabetes are diseases of adult lifestyle. Smoking, high-energy and high-fat diets, and a lack of physical exercise, which lead to overweight, hypertension, dyslipidemia and other metabolic changes (e.g., increased pro-inflammatory cytokines), are risk factors for both diseases [3, 4] . However, research over the last 20 y, has shown that adult lifestyle is not the whole story. In 1977, Forsdahl discovered a geographical correlation within Norway between coronary heart disease (CHD) mortality in 1964-67 and infant mortality rates 70 y earlier [5] . He suggested that growing up in poverty caused 'permanent damage' perhaps due to a 'nutritional deficit', which resulted in 'life-long vulnerability' to an affluent adult lifestyle. Studies in the UK by Barker and colleagues, a decade later, shifted the focus to pre-natal rather than childhood events. Differences between UK local authority areas in neonatal mortality (a marker for poverty and low birthweight) in 1921-25 predicted death rates from stroke and CHD in 1968-78 [6] . The subsequent discovery, in the UK country of Hertfordshire, of ledgers recording birthweights of men and women born during 1911-1930 made it possible to show that lower birthweight and weight at one year were associated with an increased risk of later death from CHD and stroke [7] . The effects were linear and graded across the range of birthweight, with no evidence that they were limited only to low birthweight individuals. It has since been shown that lower birthweight is also associated with higher rates of adult hypertension, type 2 diabetes and metabolic syndrome [8] .
The Fetal Programming Hypothesis
Based on these data, Barker suggested the roots of cardiovascular disease lay partly in the effects of poverty on mothers, resulting in undernutrition during critical periods of development during fetal and early post-natal life [9] . In the 'fetal programming hypothesis' (sometimes called the 'Barker hypothesis'), he proposed that fetal under-nutrition could occur for a variety of reasons, including poor maternal diet and/or problems with the mobilisation and transfer of nutrients from mother to fetus (Fig. 1) , an example of programming [10] . In the face of this threat to survival, the fetus makes adaptations to limit its growth, prioritise the development of essential tissues, and hasten maturation. For example, there is a reduction in the blood supply to the lower body and limbs to preserve brain blood flow, and with it the sacrifice of muscle deposition and the development of the liver, pancreas and kidneys. The secretion of and sensitivity to hormones that promote fetal growth (e.g., insulin and insulinlike growth factors) is reduced. The hypothalamo-pituitaryadrenal axis is up-regulated to advance fetal maturation. Barker argued that these changes in the fetus or young infant became permanent, an example of the biological phenomenon known as 'programming' [11] .
Small Becoming Big
The hypothesis suggested that the programmed fetus or young infant remained permanently vulnerable to later cardio-metabolic disease. This fitted well with findings in the early Hertfordshire studies, and confirmed elsewhere, that the highest risk of cardio-metabolic disease was in men and women who had evidence of early-life deprivation (lower birthweight or infant weight) and who had become overweight as adults ('small becoming big'); those whose early development had been compromised and whose later lifestyles stressed the homeostatic systems most strongly [8] . It is important to make the point here that it would be a misconception to think that lower birthweight, in itself, causes later disease, but rather the early-life re-structuring of the body's tissues, and re-setting of endocrine and metabolic axes. The associations with birthweight occur because the same insults that programme function often also reduce growth and lower birthweight. Studies have shown that programming can occur in the absence of changes in birthweight [11] .
Over-nutrition as well as Under-nutrition
Maternal diabetes during pregnancy exposes the fetus to an excess of nutrients. Diabetic mothers are not only hyperglycemic, but also have elevated circulating lipids and amino acids. The fetal pancreas and liver are stimulated to secrete increased insulin and insulin-like growth factors, both of which are growth-promoting hormones in the fetus. This results in the well-described macrosomic infant of the diabetic mother. Freinkel suggested that this could cause obesity and diabetes in later life ("fuel mediated teratogenesis") [12] and it is now established that gestational diabetes is a risk factor for later diabetes in the offspring [13] . There are therefore problems at both ends of the birthweight spectrum. In most populations, the prevalence of gestational diabetes is low, and the predominant pattern is the association of lower birthweight with higher diabetes risk, except in very large studies such as the US Nurses' Study, in which a small upturn in risk is visible at the high end of the birthweight range [14] (Fig. 2) . In populations with a very high prevalence of gestational diabetes, such as the Pima Indians, the curve becomes truly U-shaped (Fig. 2) .
There is increasing interest in whether maternal obesity also programmes cardio-metabolic risk in the children. Like the diabetic mother, an obese mother has increased circulating glucose, insulin, lipids and pro-inflammatory factors [15] and potentially exposes the fetus to 'fuel-mediated teratogenesis'. Newborn adiposity increases with maternal glucose concentrations even in the sub-diabetic range [16] . There is mounting evidence linking maternal obesity during pregnancy to obesity and the metabolic syndrome in the children [17] , though better evidence of a causal link is awaited.
Programming by Fetal Nutrition -Proof of Principle in Animal Models
Work in animals has shown that fetal undernutrition, achieved either by under-nourishing the mother during pregnancy or by impairing the fetal nutritional supply line (uterine artery ligation or placental reduction) produces hypertension and diabetes in later life [18] [19] [20] . For e.g., feeding rat mothers a moderately protein restricted diet or a severe 'globally' restricted diet from conception until the end of pregnancy or lactation leads to cardio-metabolic changes (increased adiposity, insulin resistance, glucose intolerance, dyslipidemia, endothelial dysfunction and hypertension) in the adult offspring. In these animal experiments, the development of diabetes in the offspring is associated with permanent changes at tissue level (e.g., reduced pancreatic beta cell mass), cellular level (e.g., altered mitochondrial numbers) and molecular level (e.g., altered expression of genes regulating the insulin signalling pathway). In addition, animal studies have shown that overnutrition, achieved by feeding mothers high-energy diets, or making the mother obese, or diabetic, causes insulin resistance and diabetes in the offspring [18] [19] [20] . This work provides proof of principle of nutritional programming of chronic disease in later life and has led to the rapidly growing field of science known as the Developmental Origins of Health and Disease (DOHaD). Inter-generational Effects Early-life programming is one mechanism whereby there is inter-generational (mother-offspring) transmission of disease risk (Fig. 3) . If maternal under-nutrition and poor fetal development recur across generations (left-hand circle), the children are at risk of developing adult cardio-metabolic disease, especially if they become overweight or obese post-natally ('small becoming big'). If the child is a female, she is at risk of becoming diabetic in pregnancy, leading to fuel-mediated teratogenesis, and exposing the fetus to another route to later cardio-metabolic risk (right-hand circle).
Mechanisms of Programming
The structural and physiological changes that occur in response to fetal nutrition may result simply from inadequate nutrients or 'building blocks' for the growth of specific tissues. It is likely, however, that they also occur as orchestrated adaptations to reduce fetal demand and enable fetal survival (Fig. 1) . Waterland has described the ways in which these changes could then become permanent: alterations in cell number, or clonal selection of particular types of cells, in tissues with finite periods of growth and differentiation; or by altered patterns of gene expression ('metabolic differentiation') [21] . Gene expression is regulated by modifiable 'epigenetic marks' on DNA, including methyl groups and histones. These marks differ between tissues, enabling cells with the same genetic code to have a variety of functional phenotypes. Patterns of DNA methylation are largely established during embryogenesis, fetal development and early postnatal life, and are sensitive to the nutritional environment [22] . For e.g., maternal protein restriction during pregnancy, which causes hypertension in the offspring, appears to act, at least partially, through altered methylation and expression of specific genes. Both the altered methylation and the metabolic abnormalities can be prevented by supplementing the maternal diet with folic acid, an important component of the biochemical pathways involved in the generation of methyl groups [23] . Other experimental animal models have shown effects of methyl-donor nutrients in the mother, like folic acid and vitamin B12, on gene methylation and the development of obesity, insulin resistance and diabetes in the offspring [24, 25] . The science of epigenetics is in its infancy, and there are few data from humans. However, epigenetic changes have been shown in the offspring of women exposed to the Dutch famine [26] and epigenetic variation has been related to childhood adiposity [27] . Epigenetic phenomena are exciting because of their potential to explain the link between the pre-natal environment and metabolic disease in later life. Epigenetic patterns can be inherited from one generation to the next and could therefore also explain inter-generational effects [28] .
Evidence for Early-life Programming in India
Indian researchers have been active in the field of DOHaD since its inception and have studied populations at different stages of the epidemiologic transition, including rural subsistence farmers, urban slum-dwellers and urban middle class. Initial studies were, as in Hertfordshire, based on historical birth records, from which children and adults were traced and investigated. The first was a study among children in Pune, and showed higher blood pressure, insulin resistance and serum lipids in children of lower birthweight, especially if they were currently relatively heavy [29] (Fig. 4a) . This study showed that changes in insulin concentrations were detectable in young children, an important step for DOHaD research as it showed that individuals need not necessarily be followed up into late middle age to detect cardio-metabolic programming. Other birth cohort studies in Mysore (children, insulin resistance) and New Delhi (adults, glucose tolerance), this time Fig. 3 Inter-generational pathways of fetal programming using prospective cohort designs following the mothers from pregnancy and the offspring at numerous ages post-natally, have replicated this pattern [30, 31] (Fig. 4, b and c) .
The New Delhi birth Cohort Study (NDBC), which was set up in 1969, has been followed up by one of its founders, Santosh Bhargava, almost continuously to the present day [31] . The participants are now aged 40-42 y, an age at which non-communicable chronic disease is likely to start emerging clinically. The cohort illustrates the transition experienced in urban Indian populations; in childhood less than 1 % of the cohort was obese, indeed many were undernourished. However, as adults aged 29 y, 10 % were obese (>30 kg/m 2 ) and 4 % were already diabetic. At age 36 y, the prevalence of obesity and diabetes had doubled to 23 % and 10 %, respectively [32] . The cohort members had weight and height measured frequently during their growing years. This enabled detailed analysis of the growth patterns associated with adult disease. Figure 5 shows (heavy line) the mean BMI Z-score throughout childhood for the~200 individuals out of~1400 studied, who developed type 2 diabetes or pre-diabetes (impaired glucose tolerance) by the age of 29 y, compared to the rest of the cohort (shown as the horizontal zero line) [31] . They were thinner than the rest of the cohort at birth, and became relatively even thinner during infancy. However from the age of around 3-4 y, their BMI began to rise, crossing the cohort mean at about 10 y of age, and continuing upwards to reach an adult BMI much higher than the rest of the cohort. This suggests that the process of becoming obese starts very early in life, and that tackling it only in adult life may be too late. The graph also shows that, in this cohort, because of their small size at birth and during infancy, the at-risk children were not recognisably obese as children, and were actually below average BMI until about 10 y. They were, however, on an upward BMI path, at increased risk because of their low early (birth and infant) weights. A similar pattern of childhood growth was related to diabetes risk in a mixed rural-urban birth cohort in South India (Vellore) [33] .
Research in India has also confirmed the increased diabetes risk associated with being the infant of a diabetic mother. Krishnaveni and colleagues followed up women enrolled in the ante-natal clinic of the Holdsworth Memorial Hospital in Mysore and found that 6 % developed gestational diabetes (GDM) [34] . The children have been followed up to the age of Fig. 4 Cohort studies, including these three from India, consistently show that lower birth weight followed by the development of above average weight or BMI in childhood or adulthood is associated with increased insulin resistance, and in adulthood by impaired glucose tolerance (adapted from references 29, 30 and 31) 9.5 y, when those born to GDM mothers were more adipose and had significantly higher plasma insulin concentrations than the rest of the cohort.
The Thin-fat Indian Newborn
In the first study in India specifically designed to examine associations of maternal diet and nutritional status in pregnancy with long-term cardio-metabolic outcomes, Yajnik et al. set up the Pune Maternal Nutrition Study (PMNS) in an agricultural community in rural Maharashtra [35, 36] . An important finding was that the Pune newborns were lighter than white caucasian UK newborns, but while having markedly reduced abdominal and mid-arm circumferences (interpreted to indicate low muscle and visceral mass) they had skinfolds that were similar to UK neonates, suggesting relatively preserved body fat [36] . Newborn MRI scans have shown increased intra-abdominal fat depots at birth in Indian newborns compared with UK white caucasian babies [37] . This 'thin-fat' newborn phenotype resembles the adult Indian phenotype (low muscle mass, central adiposity) that is thought to partly explain the high diabetes risk of Indians.
The PMNS showed associations of maternal diet and nutritional status with newborn size; while there were no associations with energy and protein intakes, mothers who ate green leafy vegetables, fruit and milk more frequently had heavier and larger newborns, suggesting the possible importance for fetal growth of maternal micronutrient nutrition [35] . These associations were seen even after adjusting for social and biological factors known to influence newborn size, such as maternal body size, education, socioeconomic status and physical workload. Maternal folate concentrations in pregnancy also positively predicted birth measurements, while higher homocysteine concentrations predicted an increased risk of a small for gestational age birth, indicating a possible role for disordered methyl group metabolism in fetal growth restriction in this population [38] . Several research groups in India are now taking these findings forward into nutritional intervention studies before and during pregnancy, to define any effects on fetal growth, newborn body composition and longer term health and capacity.
Nutritional Intervention Studies in Human Pregnancy
Nutritional intervention studies in animal models have already been mentioned. Obviously it is a slower and more difficult process to accumulate evidence from nutritional interventions in human pregnancy. Studies of men and women who were exposed in utero to an 'intervention of history', the Dutch Hunger Winter of 1944-45, have shown that they are at increased risk of adult obesity, type 2 diabetes, dyslipidemia and coronary heart disease [11] . Recently, several follow-up studies of children born to undernourished mothers who took part in randomised trials of nutritional interventions in pregnancy have been published [39] [40] [41] [42] [43] [44] [45] . If maternal under-nutrition during pregnancy is a cause of cardio-metabolic disease in the offspring, we might expect 'better' body composition, and lower levels of CVD and its risk factors, among offspring of mothers in the intervention groups. The published trials include a variety of interventions but fall into two groups (mainly proteinenergy supplementation [39] [40] [41] or mainly multiple micronutrient supplementation [42] [43] [44] [45] ). So far, all started in pregnancy, usually in the second or third trimester. The findings have been mixed. In Guatemala, villages were randomised to either a protein-energy drink (Atole) or a low-energy drink (Fresco) which were supplied daily to pregnant women and children <7 y of age. This is the only trial with adult follow-up data; it showed lower triglyceride and higher HDL cholesterol concentrations in men and women who received Atole before the age of 36 mo (either given to the mother in pregnancy or to them post-natally) [39] . In the Gambia, women received a daily high energy biscuit, from 20 wk of pregnancy (intervention group) or during lactation only (controls). The intervention influenced fetal nutrition, increasing birthweight by 136 g and halving perinatal mortality. In the children at 11-17 y of age, there was a small but significant reduction in plasma glucose concentrations, but no differences in adiposity or blood pressure [40] . Among adolescents in India whose pregnant mothers received food-based energy and protein supplements as part of a package of public health interventions, insulin resistance and arterial stiffness were reduced compared to controls [41] . Two multiple micronutrient trials (both from Nepal) showed an increase in birth weight in the intervention group [42, 43] . Vaidya et al. followed up children whose mothers received either multiple micronutrient supplements (intervention group) or routine iron and folic acid tablets (controls) during pregnancy [42] . Children of women in the intervention group had lower systolic blood pressure (2·5 mm Hg [0·5-4·6]) at 2 y. In the other trial, children whose mothers received vitamin A, iron, folic acid and zinc were taller and less adipose than children of control mothers (vitamin A alone) [43] . In a trial in Peru, infants of mothers who were supplemented with iron, folic acid and zinc were heavier and had larger calf muscle area than those of women who received iron and folic acid without zinc [44] .
These studies provide some early evidence that altering the micronutrient intake of under-nourished human mothers during pregnancy can affect body composition and cardiometabolic risk in the children. It is noteworthy that all these trials took place in under-nourished populations in LMICs, where levels of CVD risk factors, though rising, are relatively low and where the opportunity for 'becoming big' post-natally is low compared with high-income settings. This would tend to reduce any differences between children from intervention and control groups. Also, these trials started supplementation after the diagnosis of pregnancy, and usually during the second trimester. If early pregnancy is a critical time for nutritional programming of adiposity, as suggested by animal studies [45] and the Dutch Famine data, effects may be limited. However, longer follow-up of these trials would be helpful, while data are required from studies in other populations and of other interventions, including pre-conceptional trials.
Other Exposures
In addition to maternal and/or fetal under-nutrition, other exposures during fetal life, including maternal exposure to stress or glucocorticoids, and to nicotine or other toxins, programmes long-term metabolism and disease risk in animal models [18] [19] [20] . In humans, maternal smoking has been linked to an increased risk of obesity in the children [46] . This is an important area of future research.
Conclusions
There is growing burden of cardiovascular disease and type 2 diabetes in developing countries like India. This can be directly attributed to the changes in diet and lifestyle that accompany economic growth and urbanisation, but risk is also strongly influenced by strengths and vulnerabilities set up by nutrition and other modifiable factors that determine the quality of fetal and post-natal development. Data from India and elsewhere suggest that there are opportunities to reduce the burden of adult chronic disease by putting more emphasis on achieving optimal development in early life, by improving the health and nutrition of girls and young women and the nutrition of infants.
